months (range, 3-15) a residual interatrial shunt was detected by Doppler colour echocardiography in only one patient, and oxygen saturations ranged from 90% to 95% (mean, 92%). There were no late coil embolisations, thromboembolic events, or haemolysis in any patient. Conclusions-Detachable coils can be used successfully to occlude residual interatrial communications after the Fontan procedure. In selected cases, in whom intended transcatheter umbrella occlusion of residual interatrial leaks is not possible, the use of detachable coils might oVer a safe alternative method to eliminate interatrial right to left shunting after the Fontan procedure. (Heart 1998;80:49-53) 
After modified Fontan procedures, persistent cyanosis caused by interatrial right to left shunts might be related to surgically created fenestrations of the interatrial baZe, 1 2 to small residual leaks at the suture lines between the patch material and right atrial wall, 1 or to unusual venous interatrial communications, which might evolve with the altered haemodynamics after the Fontan procedure. 3 4 Intentionally created fenestrations of the interatrial baZe are usually closed either surgically 5 or, more commonly, with transcatheter umbrella devices 1 2 6 7 at various times after surgery. Multiple interatrial leaks, small size, or locations diYcult to access might preclude closure with umbrella devices. In these selected cases, transcatheter occlusion with coils 8 oVers an alternative method to eliminate cyanosis and to reduce the increased risk of thromboembolic complications after Fontan procedures. [9] [10] [11] In this study, we present our experience with coil occlusion of residual interatrial communications after modified Fontan operations.
Methods

PATIENTS
At our unit, cardiac catheterisation is performed routinely one to three years after Fontan operations to evaluate postoperative haemodynamics and to check for residual interatrial defects and pulmonary artery distortions or other unsuspected lesions. Postoperative catheterisation was performed in 29 of 34 surviving patients who had undergone total cavopulmonary connection. In 12 patients, residual interatrial communications of various types were detected. In seven of these 12 patients, residual interatrial communications were considered inappropriate for intended occlusion with umbrella devices. The demographic data, diagnoses, and previous surgery of these seven patients are summarised in table 1. The patients had undergone surgery at a mean (SD) age of 3.8 (2.9) years. In five patients, the operation consisted of a total cavopulmonary connection using a Gore-tex intra-atrial baZe. 12 In patient 4, a left sided bidirectional Glenn anastomosis was performed and the hepatic venous blood was directed via the coronary sinus and a left sided superior caval vein to the left pulmonary artery. In patient 5, the junction of the hepatic veins was connected via an intra-atrial tunnel to the superior caval vein and right pulmonary artery. In four patients with more than two preoperative risk factors, 13 a fenestration of the interatrial baZe with a diameter of 3 to 4 mm was created using a coronary punch. After discharge, all patients were treated with oral phenprocoumarol for a mean (SD) of 10 (2) months, followed by oral aspirin prophylaxis.
PROCEDURES
The study was approved by the local ethics committee. Informed parental consent was obtained in all cases before catheterisation and occlusion procedures. Indication for device closure was persistent or increasing arterial desaturation during follow up. The mean (SD) duration between surgery and transcatheter coil occlusion was 30 (22) months (range, 12-60). The mean (SD) age and body weight at the time of coil occlusion were 6.3 (4.1) years (range, 3.1-15) and 24.1 (15.7) kg (range, 13.7-58), respectively. One patient (patient 1) had undergone transcatheter occlusion of a fenestration with a 17 mm Rashkind double umbrella device 15 months before coil occlusion. At catheterisation, the patients were sedated with intravenous midazolam (0.2 mg/ kg) and ketamine (2-4 mg/kg) breathing room air. All patients received heparin (100 IU/kg) intravenously at the beginning of the catheterisation. Either the right femoral vein (five patients) or the right (patient 5) or left (patient 4) internal jugular vein were used for venous access, whereas the right femoral artery was used for arterial access in all patients. After complete haemodynamic assessment, including measurement of oxygen saturations, angiography of the systemic venous pathways, the pulmonary arteries, and the systemic ventricle were performed. Subsequently, an angiogram of the intra-atrial tunnel was obtained in the anterioposterior and lateral projections to localise more precisely and to estimate the size of residual interatrial leaks.
The method of coil delivery was based on current techniques of transcatheter occlusion of patent ductus arteriosus.
14-17 Detachable coils (Wiliam Cook Europe, Bjaeverskov, Denmark) with a diameter of 3 mm, producing four loops (MWCE-3 PDA 4), and 5 mm, producing four or five loops (MWCE-5-PDA 4 and MWCE-5-PDA 5), were used in all patients.
14-16 A 5 French endhole multipurpose or a 5 French right coronary catheter was advanced from the intra-atrial tunnel across the interatrial defect to the left atrium using a 0.035 inch guidewire (Terumo Europe NV, Leuven, Belgium). After adequate placement 
Figure 1 Angiogram of the intra-atrial tunnel of patient 4 (lateral view). (A) Small patent fenestration with right to left shunting indicated by arrow. (B) Successful occlusion with a coil.
of the catheter, the coil connected to the delivery wire was inserted into the catheter and advanced into the pulmonary venous atrium to produce one to two loops. Subsequently, the catheter was withdrawn to produce the residual loops of the coil in the intra-atrial tunnel.
When the catheter could not be passed through the interatrial leak, the catheter was wedged within the interatrial communication and the coil was delivered in this position. The procedure was monitored by transoesophageal echocardiography in three of the seven patients. Five minutes after detachment of the coil, angiography of the lateral tunnel was performed. If a significant residual or additional interatrial shunt was detected, further coils were implanted. After coil implantation, measurements of right atrial pressure and aortic oxygen saturation were repeated. The patients were discharged on oral aspirin prophylaxis (5 mg/kg/day).
FOLLOW UP
Follow up examinations included clinical evaluation, echocardiographic examination, chest x ray, and measurement of oxygen saturation by pulse oximetry at day 1, and three, and six months after the procedure.
DATA ANALYSIS
All data are expressed as mean (SD) and range. A two tailed paired Student's t test was used for statistical analysis. p values < 0.05 were considered significant.
Results
Three types of interatrial communications were identified angiographically (table 2) . The first type presented as a small residual right to left shunt via the surgically created fenestration of the interatrial baZe (fig 1) . Out of the four patients with fenestrations, the fenestration had closed spontaneously in one patient and one patient showed a residual leak after Rashkind umbrella occlusion of the fenestration (fig 2) . The second type of interatrial communication consisted of small venous channels at the superior portion of the interatrial baZe incorporating the pectinate muscle of the right atrium draining into the pulmonary venous atrium in three patients ( fig  2) . Two patients had right to left shunting at residual leaks of the suture line between the patch material and the right atrial wall separated from baZe fenestrations or interatrial venous communications. Fourteen coils were positioned successfully within the interatrial communications. Before coil occlusion, the mean aortic oxygen saturation and the right atrial pressure were 88 (1.1)% (range, 86-89%) and 9.7 (2) mm Hg (range, 6-11), respectively (table 2). After coil occlusion aortic oxygen saturation increased to 92 (1.3)% (range, 89-93%; p < 0.001) and right atrial pressure changed to 10.6 (2.4) mm Hg (range, 6-13; p < 0.05; table 2). In five patients, complete occlusion of the interatrial shunt was shown by angiography of the intra-atrial tunnel immediately after coil implantation (figs 1 and 2), whereas a minimal residual leak persisted in two patients. In one patient (patient 5), arterial oxygen saturation remained unchanged because of the additional presence of intrapulmonary fistulas demonstrated with contrast echocardiography. No complications occurred during or immediately after coil implantation.
At a mean follow up of 10 (4) months (range, 3-15), all patients remained free from coil migration, thromboembolic events, or haemolysis based on clinical evaluation and laboratory investigations, respectively. Colour Doppler echocardiographic examinations revealed a minimal residual interatrial shunt in only one patient. Oxygen saturations measured by pulse oximetry ranged from 90% to 95% (mean, 92%).
Figure 2 Angiogram of the intra-atrial tunnel of patient 1 (lateral view). (A) Residual leak at the fenestration after occlusion with a Rashkind umbrella and an additional interatrial venous communication draining into the left atrium (both indicated by arrows). (B) Successful coil occlusion of both the residual leak at the fenestration and the interatrial venous channel.
Discussion
Fenestration of the interatrial baZe has been shown to decrease postoperative morbidity and mortality in high risk patients undergoing total cavopulmonary connection. 1 2 By creating an interatrial communication, an adequate cardiac output is maintained in the postoperative period at the expense of persisting cyanosis. Spontaneous reduction of the size or even closure of these intentionally created interatrial communications, 18 particularly in cases of small fenestrations, 19 have been reported. Small residual leaks at the suture lines between the interatrial baZe and the right atrial wall, 1 as well as unusual interatrial venous communications evolving after Fontan operations, 3 4 might also produce a right to left shunt at the atrial level and persisting postoperative cyanosis. These interatrial venous communications originating from the left atrium and draining towards the right atrium might be normal small vessels not noted preoperatively despite appropriate investigation. 3 With an increase in right atrial pressure after the Fontan procedure, these venous pathways might dilate, with reversal of flow to the lower pressure left atrium. As was seen in three of our patients, this type of interatrial communication is frequently located at the superior anterior portion of the interatrial baZe near the mouth of the right atrial appendage (fig 2) . 3 The predisposing factors for the development of these abnormal interatrial venous communications are still unknown.
Usually, elective closure of fenestrations of the interatrial baZe is achieved either surgically 5 or, more commonly, with transcatheter umbrella devices 1 2 6 7 to restore a normal systemic arterial saturation. Multiple leaks, small size, diYcult accessible locations, or the shape of residual interatrial communications can preclude closure with umbrella devices. As an alternative method, complete obliteration of residual interatrial communications by detachable coils, was demonstrated by angiography in five of our seven patients. On follow up, a persistent residual interatrial shunt was identified by colour Doppler echocardiography in only one patient. All patients showed a pronounced increase of oxygen saturation after coil implantation. However, in some patients who showed arterial oxygen saturations only around 90% after device closure, possible causes of additional systemic venous shunting could not be excluded by our investigations. 20 Successful transcatheter coil embolisation of various cardiovascular lesions, including fenestrations 8 and other types of interatrial communications, 3 after Fontan procedures has been reported previously. In contrast to other groups 3 8 we used detachable coils. By using a controlled delivery system, the coils can be repositioned or removed before release if their position is suboptimal. 14 15 Compared with the use of Gianturco coils, the risk of embolisation of the coil into the systemic venous system or the pulmonary venous atrium might be reduced. 17 Because the coil is much smaller than umbrella devices, the risk of systemic or pulmonary venous obstruction, particularly in small patients, might be reduced. 8 Because these small residual interatrial communications might cause only mild arterial desaturation, and the patients are frequently clinically well, the correct management of these patients remains controversial. 21 Closure of large baZe fenestrations after modified Fontan procedures results in a reduction of cardiac index and tissue oxygen delivery secondary to the acute reduction of ventricular preload, 22 23 which has led to the speculation that maintaining fenestration patency might be of haemodynamic benefit in some patients. 23 However, the long term eVects of persisting cyanosis on the development of paediatric patients have to be considered. Right to left shunt may increase with exertion, thereby inducing exercise intolerance.
Several reports have shown a significant incidence of thrombus formation within the systemic venous system and pulmonary arteries after Fontan procedures.
9-11 24 25 Leaving a patent interatrial communication with a right to left shunt increases the risk of systemic embolisation. Although these patients can be treated prophylactically with anticoagulants, the benefit and optimal duration of this treatment is still unknown. 24 The thrombogenic surface of an occlusion device on the pulmonary venous side might induce systemic thromboembolism unrelated to right to left shunt, 21 but the small size of a coil compared with umbrella devices may reduce this risk. 8 In conclusion, this study demonstrates that coil occlusion of various types of residual interatrial communications after total cavopulmonary connection is technically feasible and oVers an alternative method in patients in whom occlusion with umbrella devices is not possible.
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